The Buxton rotating-mirror camera has been used for the precise determination of velocities of detonation in cylinders of cast t .n .t . The method has an advantage over the indirect Dautriche method in that it affords a direct measure of the velocity. The effects on the velocity of detonation of the following variables have been studied in so far as each can be independently varied: (a) the purity and crystal size, (6) the diameter and (c) the degree of confinement. Correlation of the observations with those of the velocity of detonation shows that cast t .n .t . may undergo stable or unstable detonation according as the crystals are small or large respectively. The unstable regime is characterized by the failure of the detonation wave to be propagated uniformly over the full cross-section of the cylinder of explosive.
is not small, and also to give a deeper analysis of the principles underlying the motion of the fibres. The mathematical model can also be used to investigate various modifications of conventional drafting machines.
The problem was suggested by Dr H. E. Daniels and the research began in close collaboration with him. I wish to express my deep indebtedness to Dr Daniels for this collaboration during a period in which a number of the basic results of the paper were developed. Dr Daniels has also made many valuable suggestions at later stages of the work.
I wish to thank Mr B. H. Wilsdon, Director of Research, Wool Industries Research Association, for his interest in the work and for permission to publish. Mr S. L. Ander son has been responsible for the experimental work connected with this problem and I have had the advantage of many discussions with him on the physical aspects of drafting.
I n t r o d u c t io n

Factors affecting the velocity of detonation
The velocity of detonation of a solid explosive varies within limits w ith changes in its density, purity, crystal structure, size, shape and degree of confinement. The general effects of some of these factors have been known for some tim e (Abel 1873-4; Berthelot 1885; Dautriche 1906) , and the present experiments have been made to examine them in greater detail and with a higher accuracy th an has been achieved hitherto. In the theoretical consideration of velocities of detonation it is im portant to know whether or not the velocity measured is th a t of a stable detonation. A photo graphic method was chosen in order to obtain a continuous record showing the stability of the detonation in addition to providing a measure of velocity. The usual criterion of stable detonation is th a t its velocity should be constant along successive lengths of the cartridge. Hence, a degree of both persistence and regularity in propa gation is stipulated. No method other than the photographic can provide this information.
Many factors combine to control the velocity of detonation of an explosive, and it is not possible always to isolate one for particular study. For example, similarity of both crystal size and density cannot be ensured w ith castings of different diameters. The separate effects of the following variables on the velocity of detonation of castings of t .n .t . have been examined in so far as each of them can be independently varied: ( a) the physical state of the explosive in respect of its purity and crystal si (with special reference also to cast amatols), (6) the diameter of the cylindrical charge, and (c) confinement.
The effects of the diameter of the charge and of the m aterial and thickness of the confining tube are of theoretical interest in th a t they provide a measure of the influence of surface conditions on the velocity of detonation in charges of small diameter. W ith charges either of sufficiently large diameter or under adequate confinement, the effect of lateral expansion of the products during the reaction tim e can be neglected, and w ithin the charge the energy is directed wholly to the m ain tenance of the detonation wave. U nder these conditions the velocity of detonation reaches a maximum. Figure 1 , plate 2, is a photographic record of the detonation of a cylindrical charge of crystalline t .n .t ., packed to a density of 1*00 in a cellophane tube; the cylinder was 3-17 cm. (ljin .) in diameter and 30 cm. (12in.) long. The trace of the detonation wave is smooth and straight, indicating a uniform velocity throughout (4650 m./sec.), and it is followed continuously by the record of luminous products expanding later ally; the general slope does not indicate the velocity of the lateral flame, since its angle of projection is not known, b u t the length gives some idea of the duration of burning. As pointed out by Jones (1928, p. 617 ) the thickness of the trace of the detonation wave m ay be a guide to the thickness of the detonation or reaction zone; this can be derived simply from measurements of the trace and the known w idth of the camera slit, and for the record in figure 1 it is found to be 2*6 mm. (0*55/jsec.).
Photographic records of unconfined charges
The reliability of such measurements depends on two assumptions. The first is th at the zone of luminosity is able to affect the whole of the corresponding area of the film, bu t this is unlikely and therefore measured values of the length of the zone may be too short. The second assumption is th a t the thickness of the recorded trace is not modified by forward motion of the luminous elements during the period of reaction; if such translational motion does occur, the value of the zone length must again be too short. Further uncertainty may be introduced if the products remain incandescent after the reaction is complete. Figure 2 , plate 2 , was obtained with a charge of t .n .t . cast ' creamed', th a t is, of fine crystal structure; the diameter was 3*17 cm., length 40 cm. and density 1-62. The record differs from th a t in figure 1 in th at the trace of the wave front is much narrower and is separated from th at of the lateral flame by a fine dark band; owing to the higher speed of the wave (6900 m./sec.), the record is more nearly normal to the direction of motion of the film. The thickness of the reaction zone in this charge is assessed as only a small fraction of a millimetre, but this value is probably reduced by the effects mentioned above. I t is evident th at in both figures 1 and 2 the detona tion is regular and stable.
I t is equally evident th at an unstable regime of detonation obtains in figure 3, plate 2, which is a record of the wave in a cast t .n .t . of coarse crystal structure; the dimensionsyof the charge were the same as th a t in figure 2. W ith such records the velocity of detonation is measured over any interval which shows a reasonably uniform slope. The appearance of the luminosity behind the wave front is inter m ittent, and it is suggested th at this saw-tooth effect is an indication of instability, even when the velocity of detonation is uniform over an appreciable length of explosive. The dark areas in the record immediately behind the wave front are very similar to those formed when detonation is dying out (as it may) in a charge of cast t .n .t . of coarse crystal structure or in a charge of small diameter; they may be due to the fact th at some explosive in the surface layers escapes full decomposition, the detonation wave propagating through a core of explosive, weakly confined by the undecomposed layers. The diameter of the core either shrinks until 'fading' of the detonation occurs or it grows again to that of the cylinder and the detonation wave is completely re-established, a sequence which, if repeated, gives rise to a record with the irregular saw-tooth appearance of figure 3. The front of the submerged wave, seen as a thin line joining the heads of the dark spaces, is photographed because of the translucency of the cast explosive, for if the surface is blackened the trace disappears until such time as a detonation wave extends to the surface again. The slopes of the faint fines a t the head of the dark spaces are variable and correspond with velocities as low as 5000 m./sec., values which may be characteristic of the diameter of the core a t any instant. The above may not be the full explanation of the saw-tooth effect, since there is one contrary observation. On some photographic records taken with the slit at right angles to the axis and just beyond the end of the cylinder, there is a feebly luminous disk, fully as wide as the charge at the head of the disturbance; this is shown in figure 4 , plate 2, which is an enlarged print of the negative. The disk is followed immediately by a brighter zone, conical in shape and narrower than the diameter. There is a pause then before the appearance of the lateral flame. The corresponding record, figure 5, plate 2, of the detonation of a charge of fine-grained t .n .t . (creamed) shows a disk of intense flame as wide as the cartridge, followed immediately by the spreading lateral flame, and it m ay well be th a t a t the particular instant shown in figure 4 w ith the coarse-grained casting (poured-clear) the detonation wave was about to be re-established over the whole cross-section.
Photographic records of confined charges A record obtained with creamed t .n .t . cast in a glass tube, of internal diam eter 3*17 cm. and wall thickness 1 mm., is reproduced in figure 6 , plate 3. The dark space between the traces of the wave and the luminous effects spreading laterally is due to the obscuration of light by glass dust, the tubing being pulverized by the passage of the detonation wave; since the glass is of uniform thickness the dark band has a constant width. Figure 7 , plate 3, was obtained with a coarse t .n .t . cast in a similar glass tube; the rate of propagation of the explosion is far from uniform, and here the dark band arises from the effects both of shattered glass and of annular undetonated explosive as previously described. The value of the photographic method is em phasized by this record, which shows th a t stable detonation is not always obtained, even though the mean rate over short distances may be sensibly uniform and repro ducible from round to round.
A record similar to figure 6 is reproduced in figure 8 , plate 3, which is of an un confined cast charge of a 5 0 :50-amatol; the trace of the wave is straight, b u t the charge does not appear to have detonated over the' whole of its cross-section, the surface layers escaping to give rise to the dark space between the wave and the following luminous gases.
To photograph a detonation within an opaque tube it is necessary to provide windows w ithout unduly weakening the material; the method we have applied has been to drill a line of small holes in the wall of the tube. T h at the consequent loss of confinement is insufficient to cause a reduction in the velocity has been shown by measurement with tubes in which the holes were spaced, first a t different intervals, secondly over a short distance near each end w ith the central portion of the tube left whole; there were no detectable differences in over-all velocity. The holes, each 2 mm. in diameter and spaced a t 1 cm. intervals, were plugged with lead wire during the filling process. The definition of a record is improved by sealing the inner ends of the holes w ith a strip of transparent adhesive tape before casting. A 28 g. primer pellet of pressed tetryl was not enclosed in the steel tube. A typical record is shown in figure 9 , plate 3; the explosive was a fine t .n .t . cast into a steel tube, 3*17 cm. internal diameter, 45 cm. long and 3*2 mm. wall thickness. The record is sufficiently sharp for accurate measurement; the streaks below the trace of the wave itself are due to flame projected through the holes and give no indication of w hat is happening behind the wave within the tube which is rapidly fragmented. Figures 10 and 11 , plate 3, differ from figure 9 only in th a t the holes are spaced 1*5 and 2 cm. ap art respectively; all gave the same velocities. The intensity of the record does not seem to depend on the diameter of the charge, as it does when unconfined, for equally good records are obtained with confined charges of only 6 mm. diameter; it is prob able therefore th a t it is flame in the holes rather than the detonation wave itself which is photographed. However, the slope of the line passing through the extreme tips of the individual traces can be accepted as indicating accurately the rate of the detonation wave itself. The camera must have a clear view to the bottom of each hole and, in a long tube with a thick wall, it is necessary to mill a channel along the line of the holes, or to countersink each one; neither of these modifications has any measurable effect on the speed of the wave.
Criteria of stable detonation
The criteria of stable detonation are usually considered to be threefold: th at the detonation proceeds as a shock wave at a steady rate over an appreciable length of explosive, th at the wave is maintained by the energy liberated in the shock front, and th at the explosive ahead of the wave remains completely undisturbed. Indirect methods of measurement such as the Dautriche (1906) can give information only in respect of the first criterion, and th at to a limited extent, since the values obtained are mean velocities over appreciable lengths of explosive. Only the photographic method can reveal the progress of the explosion; for example, it is clear th at the records in figures 3 and 7 show unstable detonations in which the fluctuations in velocity would not have been disclosed in other methods of examination.
Instability of the detonation wave may arise directly from failure of the reaction in the wave front to sustain the shock front as a result, for example, of lateral losses in charges of small diameter or of undetected variations in the physical condition of the explosive. Cast t .n .t . is an explosive which is prone to unstable detonation due to variation in texture, even in charges of large diameter, and results which a t first appear to be of a border-line nature may be ascribed to such variations. For the record shown in figure 12 , plate 4, a cartridge of t .n .t , 2*2 cm. in diameter and 60 cm. long, was detonated by a tetryl primer of the same diameter and 10 cm. long. After a run of 50 cm. the high velocity and intense luminosity of the explosion suddenly ceased. The original negative (but not the reproduction) shows th a t flame continued beyond this point for a distance of about 5 cm. before fading out completely. After a moderately steady run, over the first 25 cm. (there was nearly a failure at the point marked by an arrow), the velocity was uniform and the wave evidently filled the cross-section of the cartridge; in this phase the wave could there fore be considered stable. I t is suggested that at the 50 cm. point there was a variation in the physical texture of the explosive which was sufficient in the particular conditions of the experiment to cause a rapid fading of the detonation wave. There is some difference of opinion as to whether, for a specified explosive in a given diameter, only the highest uniform velocity attainable should be regarded as that of detonation, or whether a lower velocity can be so regarded provided it is uniform. We prefer the former view and regard the attainment of the highest value as a fourth criterion of detonation, and intermediate values as belonging to pre-detonation phases such as are obtained in certain explosive gas mixtures (Paym an 1928) . W hen the second view is held, explosion a t a low uniform velocity is accepted as detonation when it persists for an appreciable distance, even though a higher velocity may also be attained later in the same cartridge. Well known amongst those which give two such regimes are the gelatinous explosives which contain a high proportion of nitroglycerine. The velocity of detonation of nitroglycerine is given as 7820m./sec. and the low rate as 1590m./sec. (Jones 1928) . Figure 14 , plate 4, shows the two regimes with n .s . gelignite, a blasting explosive containing 60 % of nitroglycerine. Here the high speed or, as we prefer to say, the velocity of detonation, is attained abruptly only towards the extreme end of the cartridge. A similar sequence is shown in figure 15 , plate 4, obtained w ith crystalline tetry l (density 1*0) cartridged in cellophane and initiated by a no. 6 detonator; similar records are obtained w ith other explosives when a weak source of initiation is used. Both the cartridges of gelignite and tetryl detonate throughout a t the full velocities if initiated by a sufficiently powerful primer.
A c c u r a c y o f t h e p h o t o g r a p h ic m e t h o d
Since the B uxton rotating-m irror camera w ith its high writing speed of 360 m./sec. was first brought into use (Payman, Shepherd & Woodhead 1937) , efforts have been made to improve its accuracy by the elimination of instrum ental imperfections. Special emphasis is now laid on the use of (1) a single-sided mirror as thin as possible having regard to the stresses set up a t high speeds of rotation; (2) a suitable timing device to ensure th a t the record falls on a selected portion of the film where there is negligible optical distortion; (3) a camera magnification (about 1/13 w ith the writing speed used) to give the flame trace a slope of about 45°, a t which measuring errors are a minimum, and (4) a tuning-fork, the frequency of which can be regularly checked in situ, as the basis of the camera stroboscope. In addition, the method of assessing the records is im portant; ten separate measurements of each record are made by means of a vernier protractor, and the mean of the angles so determined is used to calculate the velocity. Agreement between results thus obtained by different observers is very close. Records in which the rates are not uniform are measured by an alternative method involving the use of a travelling microscope.
To assess the reproducibility of the velocity obtainable under controlled con ditions, measurements were made w ith a crystalline t .n .t . of 98*5 % purity (set-point: 80*25° C). The charge was packed to a uniform density in cellophane tubes 3*17 cm. in diam eter and 30 cm. long by supporting the wrapper in a m etal tube and adding weighed quantities of the explosive. Each increment was compressed to the correct density by means of a marked wooden rammer. Confirmation of the suitability of th e m ethod was obtained by colouring alternate layers in trial cartridges and checking the length of each layer. The over-all cartridge densities varied between 0*99 and 1*01. The fineness of the explosive was such th a t 98 % passed through a no. 25 B.S.S. sieve and remained on no. 120, the sides of the mesh being 0*125 and 0*600 mm. respectively. The cartridges were primed w ith a 7g. tetry l pellet and a no. 6 copper detonator. The results are given in the first column of twelve determinations of the velocity a mean value of 4650 m./sec. was obtained, the extreme values, 4632 and 4675m./sec., giving a range of 43 m./sec., or 0*93% of the mean value. The standard deviation of all the results was 12 m./sec. (0-26 %) and the standard error 3 m./sec. (0*07 %). I t is evident from the photographic records (see figure 1 ) th a t stable detonation was attained. Measurements w ith explosives giving high velocities of detonation were then made. Cylindrical pellets of five high-density explosives were prepared with care to ensure uniformity; for each experiment three pellets, each 3*17 cm. in diam eter and 11*5 cm. long, were attached together in a column which was primed with a 28 g. pellet of pressed tetryl and a no. 6 electric detonator. Two of the explosives, picric acid and tetryl, were pure compounds, two were mixtures of tetry l and t .n .t . in the proportions 5:95 and 40:60 by weight respectively, and the fifth was a m ixture of equal parts by weight of pentaerythritol tetran itrate (p .e .t .n .) and t .n .t . W ith the exception of the tetryl, the explosives were cast by us w ith a technique designed to ensure a uniform density. The tetry l was used in the form of pellets, 2-5 cm. long, specially pressed from pure granular material by the Explosives Division of I.C .I. L td.; the range of densities in a large sample of pellets was very small, namely, 1-5058 ±0*0151.
Stable detonation was again attained with all the explosives, the records being of the type shown in figure 2, plate 2. The full results are given in table 1, the italic figures in this and subsequent tables being percentages of the mean velocities. Between every pair of explosives there is a significant difference in the mean velo cities of detonation.
The narrowest range of velocities (about 0-5 %) occurs w ith pressed tetryl, the ranges for the other four explosives being of the order of 1 %. The density of each composite charge was measured and the variations from charge to charge were so small, ±0-01, th a t they could not be positively associated w ith the variations in velocity observed with any one explosive.
The highest density of the picric acid used by K ast (see Stettbacher 1933, p. 61 ) was 1-69 and he obtained a velocity of detonation of 7285 m./sec., compared w ith our density of 1-71 and a mean velocity of 7260m./sec.
The results of three series of determinations w ith cast 4 0 :60-tetryl/T.N.T. made over a period of eight months are shown separately in table 1. The experimental conditions differed for the three series only in th a t the lengths of the composite cartridges were different (30, 23 and 35 cm., respectively), and in th a t the t .n .t . was taken from three batches of grade I quality; in no batch, however, was the percentage of a-T.N.T. less than 98-2. The purity of the tetry l was 99-8%. Two observations may be made: the velocities of detonation in series 2 are on the whole lower than those in the two other series, and the scatter of the results is narrowest in series 3. These effects appear to be due to the use of long cartridges (35 cm.) in series 3 and comparatively short ones (23 cm.) in series 2. A statistical treatm ent of the results led to the conclusion th a t there is no significant difference between the mean velocities of detonation in series 1 and 3 a t a probability of 0-05; there is a significant difference between the mean values obtained in series 2 and 3 bu t not in series 1 and 2. The greatest weight should therefore be attached to the results in series 3. These considerations suggest th at for accurate reading of the records cartridges should not be less than 30 cm. long.
For the purposes of a further check of the reproducibility, experiments were made with granular p .e .t .n . which was available in a very high degree of purity. The fineness was such th at 96*6 % passed through a no. 25 B.S.S. sieve and remained on no. 120, the natural packing density being 1*17; the same material was also pressed into short pellets a t a mean density of 1*51. Cartridges 3-17 cm. in diameter and 35 cm. long were used, five determinations being made at each of the two densities. The two mean velocities were found to be 6110 and 7520m./sec. respectively, the corresponding standard errors being 2 and 5m./sec. The velocities agree fairly closely with those which Friederich (1933) determined by the Dautriche method, 6130 and 7460m./sec. respectively.
We consider th at these results are close to the absolute values for the velocities of detonation and to be more accurate than previously published figures obtained by the Dautriche method. I t is, however, difficult to compare the relative reliabilities of the Dautriche and the present photographic methods, since the accuracy is usually expressed in terms of the range, but with little meaning when, as usually appears to have been the case with the Dautriche method, only few determinations were made. Results with the Dautriche method were stated by K ast & Gunther (1919) to have a range of 3-8 % ,andbySelle(i937)arangeof2 %. In their own more numerous trials Forg (1916) and Friederich (1931) each claim to have obtained a range of 1 %, but more recently Copp & Ubbelohde (1948) , working with cast amatols, state th at the method is capable only of providing values which lie within ± 1 % of the mean. t .n .t . was usually obtained in the form of pale yellow flakes of 'grade I ' purity; material of this grade has a specified set-point of not below 80-00° C. The set-point of a -t .n .t . is 80*90° C and the chief impurities responsible for a lower set-point are dinitrotoluene andisomers of t .n .t . and their approximate percentage is roughly equal to twice the difference between 80*90 and the set-point of the sample. A grade I material contains therefore 98 % or more of a -t .n .t .
The effect of crystal size Castings of t .n .t . having different crystal sizes were produced by pouring the molten explosive at different temperatures and by arranging different rates of cooling. The following forms of casting were used in order of increasingly fine crystal structure:
(1) Poured-clear (coarse). Flaked t .n .t . is melted in a steam-heated vessel; at a chosen temperature (95° C), and whilst still clear, it is poured into long moulds and allowed to solidify.
(2) Poured-cloudy (medium). The molten t .n .t . is allowed to cool to the region of its set-point with continuous stirring until a slurry is formed which is then poured into moulds.
Explosion waves and shock waves. V I I (3)
Creamed (fine). The cooling melt is agitated w ith a mixer of the perforated disk type; when the slurry has formed, 10 % by weight of powdered t .n .t . (of such fineness th a t all passed through a no. 52 B.S.S. sieve) is added slowly; after further agitation the thickened melt is poured. Another form called axially crystallized consists of very long and massive crystals and is made by pouring clear into a mould arranged to cool slowly from one end. Samples of all these castings were examined microscopically by Drs F. J . Llewellyn and W. O. Williamson (Birmingham U ni versity), who are preparing a comprehensive description for publication.
The results given in table 1 emphasize the importance of using an ample length of charge. As it was found possible to cast the four types of t .n .t . uniformly in moulds 40 cm. or more in length, single charges of this minimum length were used in all later experiments. The axially crystallized castings could not be detonated un confined even with a powerful primer. Poured-clear castings from some batches supplied could be detonated w ithout confinement, from other batches they could not. Poured-cloudy and creamed castings detonated always, only a 7 g. tetry l prim er being required for the creamed; a 28 g. tetryl primer usually sufficed for the pouredcloudy. This general experience of the initiation of detonation, confirmed by more quantitative work, showed th a t the sensitivity of t .n .t . becomes less with increasing crystal size of the cast. Due to the limited weights of the various batches of t .n .t . it was necessary to make comparisons of velocities in two series, between creamed and poured-clear from one batch, and between creamed and poured-cloudy from another batch. The charges, 3-17 cm. in diameter, were detonated unconfined. Table 2 shows th a t the pouredcloudy and the creamed castings give the same mean velocity in the diameter chosen for the experiments, b u t th a t the poured-clear gives values lower than those of the creamed and w ith a much greater range, as would be expected from the photographic records (cf. figures 2 and 3, plate 2).
The difference in velocities of detonation of creamed t .n .t . from the batches A and C is significant a t a probability level of 0*1.
The effect of impurities
I t has been important to find out how changing amounts of impurity in the explosive affect the velocity of detonation. Since creamed t .n .t . gave the highest velocity and the most stable detonation, it was used for a determination of the velocities of six batches of differing set-point, the one with the highest set-point (80-86° C) being specially purified by the Explosives Division of 1.0.1. Ltd.
The velocities of detonation given in table 3 show a rough relationship with the set-points, the velocity being higher in the purer samples. The presence of the 1 % impurity is responsible for a reduction of about 100 m./sec. in the velocity of detona tion; the differences between the various mean values are small, but they are significant (at a probability of 0-1) for all combinations except the first and last pairs. The value of the velocity of detonation in a pure explosive is of theoretical import ance and the highest mean velocity observed (6950 m./sec.) can be accepted as the limiting value for pure cc-t .n .t . a t the stated density of 1-625. The effect of a much greater proportion of impurity is shown by experiments with a grade II I t .n .t . (batch M, set-point 76-6° C) containing approximately 90% a-T.N.T. The mean of six determinations of the velocity of detonation in creamed castings was 6680 m./sec., or 270 m./sec. below the highest mean value recorded in table 3, the highest density obtainable with this material being 1-57.
T a b l e 3. V a r io u s b a t c h e s o f t .n .t .: v e l o c it ie s o f d e t o n a t io n i n crea
Effect of crystal size of ammonium nitrate in amatols
Results similar to those described above were obtained when crystals of am monium nitrate in a range of finenesses were added to grade I t .n .t . to form amatols. The mixtures used were mainly in the proportions 50:50 and 60:40 of ammonium nitrate and t .n .t . respectively. In this type of explosive the crystals of ammonium nitrate retain their identity in the t .n .t . matrix. Velocities of detonation of un confined cartridges, cast under carefully controlled conditions, have been deter mined as a part of a co-operative research with Dr J. I. O. Masson, F.R.S., of Sheffield University.* The ammonium nitrate used was selected from sieved fractions whose finenesses, defined by specific area, were determined by a transpira tion method. Pellets, 3-17 cm. in diameter and 7 cm. long, were cast in lots of six in jacketed aluminium moulds; a stream of cold water was passed through the jackets to ensure rapid cooling and each casting was prodded to reduce sedimentation and cavitation. The ends of the solid pellets were faced on a lathe and a column of six was used for each determination of the velocity of detonation. Up to five separate determinations were made w ith each mixture. The microscopical examinations of the pellets will be described elsewhere and it suffices here to say th a t the influence of any stratification of the ingredients on the velocity of detonation was probably negligible, both because it was slight and because each charge consisted of a column of pellets. The influence of radial migration may not be wholly negligible since the rind is relatively rich in t .n .t . all the way along the cartridge.
W. B. Cybulski, (the late) W. Payman and D. W. Woodhead creamed"
T.N.T. Table 4 contains all the determinations of the velocities of detonation. Amatols made with a given ammonium nitrate show a decrease in velocity w ith increase in nitrate content which is substantially linear, the value for creamed t .n .t . fitting well a t the end of the curve. The latter is shown in the upper p art of figure 16 , where velocity is plotted against a param eter defining the 'g rist', or fineness, of the ammonium nitrate in terms of the surface area in square centimetres per gram of amatol. Experim ents w ith two amatols (50:50 and 60:40) show th a t a coarse grist, of small interfacial area, gives low and erratic velocities of detonation typical of unstable propagation (see figure 8) , or failures to detonate a t all. In gap-tests also, a cartridge of amatol needs to be closer to its fellow for detonation to be transm itted across the air-gap when the nitrate is coarse than when it is fine. W ith progressively finer grain the velocity of detonation rises, approaching an upper limit beyond which greater fineness has no effect. On the graph in figure 16 the diagonal broken lines indicate th a t w ith factory made amatols the nitrates were not fine enough to cause the maximum velocity of detonation in unconfined charges. Experiments were made to test the suggestion th at the velocity of detonation depends on the average grain area of the ammonium nitrate present rather than on the actual sizes of the individual crystals. Two batches of 6 0 :40-amatol were made up with (i) a nitrate as supplied for Service use, and (ii) a nitrate consisting of fine and coarse materials in proportion to give the same surface area as that of the Service nitrate; the velocities are almost the same, namely 5240 and 5190m./sec., respectively, showing th at it is the average grain area on which the velocity mainly depends.
T a b l e 4. A m m o n iu m n it r a t e s o f v a r io u s f i n e n e s s e s : v e l o c it ie s o f DETONATION IN CAST AMATOLS,
For an examination of the effect of ageing on the velocity of detonation, a 60:40 amatol was made from a Service nitrate sieved through a no. 25 B.S.S. sieve to remove aggregates (surface area 162cm.2/g. of amatol). Several hundred pellets were prepared in a short time under identical conditions so as to ensure a high degree of uniformity. The velocity of detonation was determined a few days after the preparation and again after storage for periods of 3, 6 and 12 months under dry temperate conditions, the velocities being 5380, 5270, 5280 and 5240 m./sec. respectively (each the mean of five determinations). The velocity dropped by about lOOm./sec. after the first 3 months and only by 140m./sec. in the year.
H. Jones (1942) has suggested that, in the detonation of an explosive consisting of two or more compounds having different rates of reaction, there is erosion of the particles of the less reactive material by the hot gases released in the exothermic decomposition of the most reactive ingredient. From this hypothesis it follows that the duration of the reaction should be inversely proportional to the surface area presented by the more slowly reacting constituents. In amatols, for example, the ammonium nitrate reacts more slowly th an the t .n .t ., the over-all tim e of reaction is the tim e required for the complete erosion of the ammonium n itrate and is there fore inversely proportional to the total initial surface area of th a t component. These theoretical considerations imply an increase in velocity of detonation w ith increasing fineness, and in this respect are confirmed by our experiments. For, so far as the pure explosive is concerned, we have already seen th a t finely crystalline t .n .t . propagates detonation more easily, and in general has a higher velocity th an when it is made up of large crystallites. Further, when ammonium nitrate is added to form the amatols, the velocity of detonation increases w ith increasing surface area of the nitrate. B y plotting the results given in table 4 as the reciprocals of the velocity against those of the specific surface area, we find th a t, by extrapolating to infinite fineness, the maximum velocities of detonation for 50:50 and 60:40 amatols are respectively 6210 and 5860m./sec.
W. B. Cybulski, (the late) W. Payman and D. W. Woodhead E f f e c t o f d ia m e t e r o f c h a r g e
T hat the velocity of detonation of a given explosive is in general higher in wide cylindrical charges than in narrow ones seems to have been observed first by Berthelot (1885). More recent examinations of the effect have been concerned chiefly w ith explosives a t comparatively low loading densities; for example, Parisot & Laffitte (1938) , working w ith picric acid a t a density of 0*9, found th a t the velocity of detonation was 2230m./sec. when the diameter was 0*54 cm. and 4575m./sec. when it was 1*7 cm. Since much smaller changes in velocity w ith diam eter were expected and since the continuity of detonation was also in question, the photo graphic method of measurement was necessary in our work w ith high-density explosives such as cast t .n .t . * Preliminary experiments were made with two explosives in which detonation was readily established. Pressed tetry l pellets of a high degree of p urity were available in diameters of 2*22 cm. (f in.) and 3* 17 cm. (1 £ in.). The mean velocity in unconfined charges of the smaller diameter was 6880m./sec. (density 1*44), compared w ith 7l50m ./sec. in the larger (density 1*50; see table 1). Trials were then made w ith a laboratory-cast m ixture of tetryl and t .n .t . (30:70), density 1*613; mean velocities for the two diameters 0*9 and 3*17 cm., detonated unconfined, were 7020 and 7030m./sec. respectively, the difference not being significant. In view of the im portance of the effects of crystal texture on the velocity and stability of detonation in cast t .n .T. it was realized th a t the experiments should be conducted w ith castings produced under strictly controlled conditions. I t is the rate of cooling which controls the crystal size and the latter, even with a given method of casting, m ust therefore depend to some extent upon the diameter of the charge. Cylindrical charges of either poured-clear or pqured-cloudy t .n .t . cast in moulds of different diameters show appreciably different grain sizes and the observed differences in velocity observed w ith the latter type are in p a rt due to this unavoidable complication. This difficulty is not so serious w ith creamed t .n .t ., the crystal size of which is not seriously affected by variations in the diameter of the casting; w ith all castings, however, there is a ' chilled margin * of very small crystals produced during the first rapid solidification of the explosive in contact with the wall of the mould. The thickness of the margin is of the order of 0*25 mm. and any effect it may exert would be the greater the smaller the cylinder. Density also seems to change with diameter and, with creamed t .n .t ., there is a small but steady decrease as the diameter is decreased; this appears to be unavoidable with the methods of casting used, and the use of warmed moulds was not found to lead to any greater over-all uniformity. The t .n .t . used was a grade I flake of set-point 80*50° C (batch D ); the castings were 50 cm. long, except the largest (3*17 cm. diameter) which were 40 cm. long. They were produced by pouring into brass tubing 0*15 cm. thick. Since it had previously been found th a t excessive power in the priming charge had no disturbing effect on the steady velocity in a charge capable of detonation, primers of ample strength were always used, the diameter of the primer being the same as th at of the charge.
The poured-clear castings of t .n .t . from batch D did not detonate even in the largest diameter (3*17 cm.); similar castings from an earlier batch A with a rather lower set-point (80*32° C) had been successfully detonated although with a very wide range (see table 2 ). The poured-cloudy castings detonated in diameters of 3*17 and 2*54 cm., but not in diameters of 2*20 cm. or less. As shown in table 5, the range and the standard deviation of the individual results are greater with a diameter of 2*54 cm. than of 3* 17 cm., indicating th a t with the former the detonation is tending to be more sensitive to undetected variations in texture which may cause fading; this conclusion is supported by the more marked saw-tooth appearance of the photo graphic records obtained with the 2-54 cm. charges.
W ith creamed t .n .t ., detonation is obtained w ith diameters down to 1*66 cm., the range here being greater than w ith diameters of 1*90 cm. and upwards. The velocities in the two larger diameters, 2*54 and 3-17 cm., are approximately the same. Statistical analysis of all the results in table 5 shows th a t the mean velocities of detonation are significantly different w ith the exceptions of th a t of creamed t .n .t . in the diameter 3*17 cm. in relation to those of creamed t .n .t ., 2-54 cm., and of poured-cloudy t .n .t ., 3*17 cm.; only within these groups do the experimental variations overshadow the variations due to the change either in the explosive or in the diameter of the charge. These determinations show th a t increase in diameter up to a certain limit, which we have called the limiting diameter, results in an increase up to the (limiting) velocity of detonation; below a certain diameter, term ed the boundary diameter, there is no detonation. The values of these parameters vary with the nature and the physical state of the explosive and they are different for confined and unconfined charges. The boundary diameter provides a measure of the sensitivity to propagation of detonation. The mean results are shown graphically in figure 17 ; the curve for poured-cloudy t .n .t . A is assumed to be similar in shape to th a t for creamed t .n .t . B. Both castings have the same limiting velocity of detonation, b u t differ in their limiting and boundary diameters and in their velocities of detonation in cartridges below the limiting diameter. I t is evident th a t differences in detonation properties, either non-existent or not measurable in wide cartridges, are marked in narrow ones.
Any effect of the chilled margin on the velocity of detonation might be expected to be the more pronounced in the smaller diameters. A few determinations were therefore made with narrow cylinders of creamed t .n .t . from which the margin had been removed by glass paper, and others cast to the same final diameter and therefore still possessing a margin. There was no evidence th at either the velocity of detonation or the boundary diameter of the creamed castings was affected by the presence of a margin.
W ith crystalline t .n .t . a t a loading density of 1*10, the limiting velocity was not reached in unconfined cartridges 3*17 cm. in diameter, although later experiments with confined cartridges indicated th at the limit (about 5250m./sec.) was not far above th a t obtained in this diameter. The boundary diameter was 1*66 cm. (no detonations having been obtained a t 1*45 cm.) with a velocity of detonation of 4350m./sec.; a t diameters of 1*90, 2*20 and 3*17 cm. the velocities were 4620, 4740 and 5000m./sec. respectively, each being the mean of three determinations. The crystalline t .n .t . used for these experiments, although of grade I quality, was less pure than th a t of previous batches, having a set-point of 80*05° C. Its fineness, such th a t 97*5 % passed through a no. 25 B.S.S. sieve and remained on no. 120, was very similar to th a t of the crystalline t .n .t . (set-point 80*25° C) used for the velocity determinations recorded in the first column of table 1. The lower value of the velocity (at 3*17 cm. diameter) in the first set of experiments can be ascribed mainly to the lower loading density used, th at is, 1*00 compared with 1*10. The most curious feature of the results a t different diameters is th at the boundary diameter (1*66 cm.) is the same as th a t with the higher density cast explosive (table 5-creamed t .n .t .). In view of the lower purity of the crystals compared with th at of the flake used for the experiments recorded in table 5 (set-point 80*50° C), the crystalline material was used to prepare six creamed charges in each of the diameters 1*45 and 1*66 cm. All the charges of the latter diameter detonated giving a mean velocity of 6770 m./sec. Three of those 1*45 cm. in diameter failed to detonate; the mean velocity of the remainder was 6560 m./sec. Thus the t .n .t . of the lower set-point had a boundary diameter quite close to th at pf the batch with the higher set-point, and the similarity of boundary diameters a t the very different loading densities of 1*1 and 1*6 can be accepted. I t is known th at this explosive is considerably more sensitive to initiation when loaded a t low than a t high density and it would therefore appear necessary to distinguish between initiation sensitivity and propagation sensitivity.
E f f e c t of c o n f in e m e n t
The effect of confinement is to reduce loss of energy in the wave front and is similar to th at of increasing the diameter of the charge. Thus, the velocity of detonation is raised by confinement only at diameters below the limiting diameter. With perfect confinement, by a rigid non-conducting material, the velocity of detonation should be independent of diameter, but even a thick steel casing does not provide this idealized condition. For we have found th a t there is a limiting diameter (smaller than that for bare charges) below which the slight losses to the confining material reduce the velocity of detonation below the limiting velocity. To achieve this limiting velocity, the lateral loss must not be felt across the whole cross-section of the charge and a central core must detonate under the perfect confinement provided by the next outer layer also undergoing detonation. That is to say, at least the central portion of the detonation wave must be plane-fronted.
The experiments with confined charges were made wdth creamed t .n .t . in a charge diameter of 3*17 cm. and with confinement provided by cold-drawn mild steel tubes of 0*32 cm. wall thickness. The results given in table 6 were obtained first of all to test the accuracy of the drilled tube method of measurement and they compare favourably with those for a similar series of unconfined charges of t .n .t . in the same diameter, which, it should be noted, is above the limiting diameter. The over-all range of the individual results is again less than 1 % of the mean, and the standard error is below 0*1 %.
I t is convenient to express the confinement, , in terms of the mass of the con fining material in grams per square centimetre of lateral surface area of the cylindrical charge; the value of S in the experiments in table 6 is 2*75g./sq.cm. 
Effect of material of confining tube
Experiments were made with t .n .t . (batch A, set-point 80*32° C) cast in tubes of steel, lead and glass, each 3* 17 cm. in internal diameter and of 0*32 cm. wall thickness. The value of S of the three materials was 2*75, 3*62 and 0*33g./sq.cm., respectively. Since the maximum velocity of detonation of creamed t .n .t . is attained in unconfined cylinders below this diameter, it was not to be expected th a t confinement would influence the velocity, and, in fact, the mean speeds were all found to lie between 6845 and 6855 m./sec.
We have seen th a t the detonation in poured-clear t .n .t . is uncertain and, when obtained, the velocity in unconfined charges 3*17 cm. in diameter is lower th an th a t in similar charges of creamed t .n .t . (see table 2); the establishment of detonation in the poured-clear casting becomes easier w ith confinement, and experiment shows th a t the velocity (batch B) rises from 6430 to 6700m./sec. when confined in. either the glass or the lead tubes and 6810 m./sec. in the steel (each the mean of six deter minations). Hence, confinement in lead has less influence than confinement in an equal thickness of steel, despite the lower mass of the latter. The value of 6810 m./sec. obtained with poured-clear t .n .t . in the steel tube is below th a t w ith creamed t .n .t . from the same batch (6850 m./sec.), bu t the difference is probably due to a difference in the respective densities (1*605 and 1*625 respectively). Although the value of S with glass is less than one-tenth th at with lead, the same velocities of detonation are obtained; however, the pre-detonation period is much longer in the glass tube and the rate of propagation is low and unsteady over the first 10 to 15 cm. of the charge.
Berthelot (1885, p. 565), working with cartridges of gun-cotton 4 to 6 mm. in diameter, found th at confinement in pewter tubes gave a higher velocity of detona tion (5916 m./sec.) than confinement in tubes of lead (5200m./sec.); he suggested th a t this difference occurs 'peut-etre parce que le premier metal resiste un peu plus longtemps que le second a F effort de l'explosion qui detruit le tube *. H. Jones (1947) , in a theoretical treatment, states th at it is not a serious approximation to neglect the strength of the confining material, since the yield stress, even of steel, is small compared with stresses arising near the front of the detonation wave, and th at the compressibility of the material is an important factor. For thin (laminar) casings, which provide only partial confinement, it is the mass per unit area which decides the increase in the velocity of detonation; for thick casings, compressibility of the confining material is the physical property involved. Copp & Ubbelohde (1948) have developed this view and state that when the thickness of the wall is such th at the shock wave in the casing material does not reach the outside wall within the reaction time, compressibility is the controlling factor in deciding the efficacy of a given material.
I t is interesting to look at the results for steel, glass and lead in the light of this theory. The compressibility of lead and glass is similar and several times greater than th at of steel. The wall thickness (0*32 cm.) is not dissimilar to the length of the reaction zone, and, as the velocity of sound in glass is not much below the velocity of detonation in the explosive, it would seem th at the confinement may be classed as thick. Hence, the effect of compressibility rather than that of mass should preponderate, and this is the result observed.
Effect of diameter with confined charges
In these experiments the charge was cast directly into each individual piece of steel tubing. We were unable to obtain tubes of various internal diameters and of such thickness th at the value of 8 was maintained constant. In most of the deter minations, however, S varied only between 1*6 and 2-2g./sq.cm. Cold-drawn mild steel tubing was used for the 3* 17 cm. charges; the narrower tubing was butt-welded and had a rather rougher inner surface. The results of the individual determinations with poured-clear and creamed castings of t .n .t . (batch D, set-point 80-50° C) are given in table 7.
Poured-clear castings could be detonated in all the steel tubes, but the range and the standard deviation of the results with the narrowest tube (diameter: 0-94 cm.) suggested that this was near the boundary diameter. The limiting diameter seemed to be reached at 1-65 cm., but the maximum velocity was only 6830 m./sec. The densities fluctuated between 1-590 and 1-610, varying inversely with changes in crystal size through the range of diameters. For example, owing to the more rapid cooling, the crystals were less coarse in the 0-99 cm. tube than in the 1-29 cm. tube, and the former gave a rather higher density and a corresponding higher velocity of detonation; when a narrow casting (0-94cm. diameter) was made with the tube ciently to suggest th at the boundary diameter was near. Two series of experiments were carried out with charges 1*65 cm. in diameter confined in steel tubing of two different wall thicknesses, the values of S being 2*07 and 0*66 g./sq.cm. respectively. W ith the weaker confinement there was a reduction of about 60m./sec. in the mean velocity of detonation. The effect of diameter with confined and unconfined charges of creamed t .n .t . of batch D is shown graphically in figure 17 . The curve B for the unconfined explosive is complete, no detonations having been obtained in diameters less than 1*66 cm., whereas the curve for the confined charges C is incomplete in th at the boundary diameter may well be below 0*94 cm., six detonations having been obtained at that point. The curves clearly reach a common maximum of velocity a t a diameter of about 2*5 cm. where neither confinement nor further increase in diameter affects the velocity of detonation. The significance of the boundary diameter lies in the fact th at the magnitude of the energy loss through lateral expansion during the reaction period is so great th at there in only just sufficient residual energy in the direction of propagation for the main tenance of a detonation wave. On further small reduction in diameter the rarefaction waves set up by the lateral expansion of the product gases are able to overtake the wave front, causing here a loss of amplitude and therefore of the initiating power of the detonation pulse. As the wave progressively degrades, detonation dies out; this sequence of events is observed with both confined and bare charges, though, as would be expected, a t a much smaller diameter for the former than for the latter. Evaluation of these critical conditions gives a measure of sensitivity to propagation in a specified explosive, and it is clear that, if the lateral loss can be assessed, then the critical energy necessary for the maintenance of detonation can also be found.
I t has been shown that the detonation properties of t .n .t. differ from batch to batch, and hence it is not possible to lay down standard figures for the constants of detonation. In table 8 are summarized the results for batch D, which has a set-point of 80-50° C and is therefore of high quality. An interesting point emerges with regard to the effect of crystal size, for it is clear that under adequate conditions of confine ment and diameter the velocity of detonation of the three above varieties of casting tends towards the limiting value of 6950 m./sec. obtained with the purest t .n .t . available (cf. table 3). The results with the poured-clear castings show that although the limiting velocity is slightly below that of the creamed variety, the limiting diameter (confined) of this apparently more insensitive material is smaller.
Confined charges of axially crystallized t .n .t .
Experim ent showed th a t it was possible to detonate this variety in a steel tube 3*17 cm. in diameter, the castings being made with t .n .t . from a batch L, having a set-point o f80*05° C. The velocity of detonation was 6450 m./sec. (range 180 m./sec., density 1*600), this being the mean value of twelve determinations. Five of the experiments were made with tubes of wall thickness 0*32 cm. and the remaining seven w ith tubes 0*64 cm. thick, S being 2*75 and 5*88g./sq.cm., respectively. The over-all mean of the twelve determinations is acceptable because there was not a significant difference between the two sets of values, a fact which, in addition, indicates th a t the limiting velocity for this variety of t .n .t . had been reached. As the limiting velocity of detonation of this batch of t .n .t . when poured-clear was found to be 6870m./sec., we have now to explain the fall of 420m./sec. w ith the axially crystallized material. The poured-clear and axially crystallized varieties differ only in the direction of the crystal growth, both being poured a t the same tem perature. W ith the former the growth is radial and w ith the latter axial, and so the results suggest th a t there are characteristic values for the velocity of detonation according to the orientation of the crystals with respect to the direction of pro pagation. The dimensions of the crystals in each of these slowly crystallized castings are large in comparison w ith the thickness of the reaction zone (probably about 3 mm.). If, as has been suggested, there are differences in the rate of reaction along different crystallographic axes, corresponding differences in the velocity of detona tion would be expected. As an extension of this hypothesis it m ay be suggested th a t propagation of detonation is stable along one crystal axis and unstable along another axis.
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